We report two synthetic aminopyrrolic compounds that induce apoptotic cell death. These compounds have been previously shown to act as receptors for mannosides. The extent of receptor-induced cell death is greater in cells expressing a high level of high-mannose oligosaccharides than in cells producing lower levels of high-mannose glycans. The ability of synthetic receptors to induce cell death is attenuated in the presence of external mannosides. The present results provide support for the suggestion that the observed cell death reflects an ability of the receptors to bind mannose displayed on the cell surface. Signaling pathway studies indicate that the synthetic receptors of the present study promote JNK activation, induce Bax translocation to the mitochondria, and cause cytochrome c release from the mitochondria into the cytosol, thus promoting caspase-dependent apoptosis. Such effects are also observed in cells treated with mannose-binding ConA. The present results thus serve to highlight what may be an attractive new approach to triggering apoptosis via modes of action that differ from those normally used to promote apoptosis.
Introduction
Apoptosis or programmed cell death is an essential biological event occurring in multicellular organisms.
1,2
Normally, unwanted or damaged cells in multicellular organisms are removed by this biological event. Even though apoptosis plays a number of key roles in normal physiological processes, abnormal apoptosis results in a range of human diseases. [3] [4] [5] For instance, retarded apoptosis leads to the progression of various cancers by interfering with tissue homeostasis and thus extending cancer cell survival. Because apoptosis is associated with both normal physiology and diverse human diseases, apoptosis-regulating agents have been extensively exploited for basic biological studies and therapeutic applications. In particular, extensive effort has been devoted to the discovery of new apoptosis-inducing small molecules that may have potential as antitumor pharmaceuticals.
6-9
It is now well appreciated that plant lectins with glycan binding properties are able to induce apoptosis in various cancer cells, although the molecular mechanism underlying apoptotic cell death remains to be claried. 10, 11 Changes in cell surface glycosylation is one of the general features of malignant transformation and tumor progression.
12 In particular, highmannose type oligosaccharides are expressed on the surface of various cancer cells; however, they are not commonly found on the surface of normal cells.
13 Because mannose is prevalent as the terminal sugar of glycans in cancer cells, terminal oligomannosides are attractive therapeutic targets. In this context it is noteworthy that mannose-binding lectins, including Concanavalin A (ConA), Sophora avescens lectin (SFL) and Polygonatum cyrtonema lectin (PCL), display cytotoxicity in various cancer cells as a result of stimulating apoptosis, presumably by interacting with extracellular and maybe also intracellular mannosides.
14 However, owing to the natural cytotoxicity and the short serum half-life of plant lectins, small molecule-based glycan binding receptors 15 that target glycans displayed in cancer cells might represent an attractive new approach to generating apoptosis-inducing anticancer agents. At present, the only small molecules that recognize mannosides and are known to induce apoptosis in cancer cells are pradimicin, a naturally occurring antibiotic, and its derivatives. 16 Cancer cell death induced by these substances is closely correlated to the expression of high-mannose glycans on the cell surface. This lends support to the notion that small molecules that target mannosides could emerge as new anticancer agents. Here, we report progress towards this goal.
Recently, some of us reported a new set of synthetic aminopyrrolic receptors that bind mannosides with selectivity over other monosaccharides.
17 Some of the compounds in question were found to possess antibiotic activity, an effect rationalized in terms of an ability to bind to cell-surface glycans thereby interfering with key cellular processes. 17a Recognizing the potential link between antibiotic and anticancer activity that might exist for synthetic, mannoside-recognizing receptors, we decided to conduct an investigation of the effect of these wholly synthetic receptors on cell viability. As detailed below, we have found evidence supporting the conclusion that the synthetic receptors promote cell death via caspase-dependent apoptosis. As in the case of pradimicin, this activity is presumed to reect an ability to recognize the cell-surface glycans.
Results and discussion

Synthetic receptors have cell death activity
Compounds 1-7 used in the present study ( Fig. 1) were prepared according to previously described procedures.
17 This series of compounds was chosen so as to span a range of supramolecular recognition space. Specically, it includes synthetic receptors whose octyl mannoside binding affinities are low (1, 5) , moderate (2-4) and high (6, 7) (Table S1 †) .
17 Synthetic aminopyrrolic receptors were found to bind to highly mannosylated glycoproteins, as inferred from surface plasmon resonance (SPR) studies. 18 On the basis of these observations, we hypothesized that the synthetic mannose receptors might have cell death activity as observed in lectin treated cells.
14
Prior to testing this proposal, the expression level of highmannose glycans on the cell surface was measured by using mannose-binding ConA. Several cells, including HeLa (human cervical cancer cells), PLC/PRF/5 (human hepatocellular carcinoma cells), A549 (human lung adenocarcinoma epithelial cells) and KG-1 cells (human myeloid leukemia cells), were treated with biotin-conjugated ConA for 1 h in the absence and presence of a competitor, mannan. Flow cytometry analysis of cells stained with Cy3-streptavidin reveals that KG-1 cells exhibit a weak uorescence signal while other types of cells show a strong uorescence emission, which is markedly attenuated when mannan is present (Fig. 2) . This nding indicates that the tested cells other than KG-1 cells express a high level of high-mannose oligosaccharides.
The effect of compounds 1-7 on cell viability was then examined by incubating HeLa and PLC/PRF/5 cells, both of which express a high level of high-mannose glycans, making them of particular interest in the context of the present study. Cell viabilities were measured using MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide) assays. Compounds 6 and 7 were found to be highly cytotoxic. In contrast, compounds 1-5 displayed a little or no cytotoxic activity at the tested concentrations (Fig. S1 †) .
Compounds 6 and 7 bind to mannosides considerably more strongly than 1-5 (Table S1 †). We thus sought to test whether the cytotoxic activity induced by 6 and 7 is dependent on the expression level of high-mannose glycans on the cell surface. Toward this end, the cytotoxicity of 6 and 7 was measured in cells expressing high (HeLa, PLC/PRF/5 and A549 cells) and low (KG-1 cells) levels of high-mannose glycans. As a negative control, cells were also incubated with compound 1 with a very low mannose-binding affinity. Aer incubating the cells with 6 and 7, along with a control 1, for 18 h, the IC 50 values were determined. They were found to be respective 1.3 mM and 2.7 mM for 6 and 7 in cells expressing high levels of highmannose glycans (Fig. S2 †) . However, 6 and 7 displayed lower cytotoxicity in the case of KG-1 cells (Fig. S2 †) . In contrast, cell death activity induced by a control 1 was not detected.
We then examined the effect of a mannose competitor on the synthetic receptor-induced cell death. For this study, HeLa and PLC/PRF/5 cells were exposed to 6 and 7 in the presence of methyl a-mannoside as a competitor at concentrations where cytotoxicity was not observed (Fig. S3 †) . The number of viable cells was found to increase in a competitor concentrationdependent manner (Fig. S4 †) . It is worthwhile mentioning that because a monomeric mannoside is an inefficient competitor in water to block association of the synthetic receptors with cellsurface oligomannosides, a relatively high concentration of a competitor is needed to protect against cell death induced by 6 and 7. To further examine whether cytotoxicity induced by 6 and 7 is attributable to their binding properties toward cell surface mannosides, we conducted the competition experiments of compounds against mannose-binding ConA. When HeLa cells pretreated with 6 or 7 were incubated with ConA, the ability of ConA to bind cells was attenuated signicantly in the presence of either compound (Fig. S5 †) . Collectively, the results provide support for the proposal that the cell death elicited by 6 and 7, if not all, is caused by their ability to bind to the mannose glycans displayed on the cell surface.
Compounds 6 and 7 are pyrrole-containing receptors that bear some chemical similarity to ion transporters, such as calixpyrroles and prodigiosin analogues,
19 that exhibit cell death activity by mediating through-membrane anion transport. Thus, we considered it possible that such ion transport effects could be playing a role in promoting cell death. Accordingly, we investigated whether 6 and 7 were capable of inducing changes in intracellular concentrations of several ions in mammalian cells. Also studied was compound 1, a simple triamine that was not expected to be an effective ion transporter at the physiological pH. To evaluate changes in intracellular chloride concentrations, FRT (Fischer rat thyroid epithelial) cells were incubated with each compound for 2 h. These cells express a mutant yellow uorescent protein (YFP-F46L/H148Q/I152L) whose uorescence is quenched sensitively by chloride ions in the cytosol. 19a The intracellular chloride concentrations were unaltered in cells treated with 1, 6 or 7, as inferred from the observation that uorescence of the mutant YFP in treated cells was not changed (Fig. S6A †) . To test if 1, 6, or 7 caused changes in intracellular concentrations of the sodium, potassium and calcium ions, cells, which were pretreated for 1-1.5 h with uorescent probes for the sodium (SBFI-AM), potassium (PBFI-AM) or calcium ions (Fluo-4 NW), were exposed to each compound for 2 h. No appreciable difference in the uores-cence intensity was observed in any of these experiments ( Fig. S6B -S6D †), leading us to infer that treatment with 1, 6, or 7 fails to induce a change in the intracellular concentrations of the sodium, potassium, and calcium ions. These ndings indicate that the cell death induced by 6 and 7 does not result from receptor-mediated changes in the intracellular ion concentrations.
Synthetic receptors induce apoptotic cell death
Several previous studies have served to demonstrate that plant lectins induce cancer cell death through regulation of apoptotic pathways.
14 To examine whether the cytotoxic synthetic receptors of this study could also induce apoptosis, HeLa and PLC/ PRF/5 cells were incubated with either 6 or 7, as well as with the relatively non-cytotoxic control 1, and then treated with a mixture of uorescein-annexin V and propidium iodide (PI). The results of ow cytometry analysis reveal that 6 and 7 induce apoptosis, as inferred from positive annexin V and PI staining ( Fig. 3A and S7A †) .
6b,c In addition, analysis of time-dependent ow cytometry of cells treated with a compound shows that annexin V staining precedes PI staining, indicating that cells undergo apoptosis (Fig. S8 †) . The extent of cell shrinkage was measured as a further marker of apoptosis. Analysis of cell size by ow cytometry reveals that cells treated with 6 and 7 are characterized by a large degree of cell shrinkage (Fig. S9 †) . This result also serves to exclude cell death via necrosis as a dominant mechanism because necrosis generally leads to cell swelling. The loss of mitochondrial membrane potential, which is a hallmark of apoptosis, was also investigated by using a JC-1 probe that is sensitive to membrane potential. 19a The intensity of the dye-derived red uorescence in cells treated with 6 or 7 for 18 h decreases signicantly, as would be expected for apoptotic cell death (Fig. 3B and S7B † ). An increase in DNA fragmentation, another hallmark of apoptosis, was also observed in cells treated with 6 or 7 for 18 h (Fig. 3C and S7C †) . In marked contrast to 6 and 7, no evidence of apoptosis induction was seen in the case of the control compound 1.
It is widely appreciated that reactive oxygen species (ROS) may serve as an intracellular signal of the apoptotic cascade.
20
To test if 6 and 7 enhance ROS generation in cells, HeLa and PLC/PRF/5 cells were treated with 6 or 7 at various concentrations for 8 h. The levels of intracellular ROS were then measured by treating the cells with 10 mM of a boronate-based uorescent H 2 O 2 probe, PF1, for 1 h. 21 An increase in the uorescence intensity was observed in cells treated with either 6 or 7 ( Fig. 3D and S7D †). To determine whether ROS production is a cause or consequence of apoptosis, we investigated the temporal relationship between ROS production and apoptosis. As shown in Fig. S10 , † ROS is produced in cells aer the short time (1-2 h) incubation with a compound but apoptosis takes place aer ca. 6 h treatment, indicating that ROS production is likely to be a cause of apoptosis.
HeLa cells treated with 6 for 6 h were also subjected to gene expression proling analysis of mRNAs using DNA chips. It was found that aer treatment with 6, positive regulators of apoptosis were upregulated in cells. In contrast, negative regulators of apoptosis were down-regulated (Table S2 †) . Taken together, the results provide evidence to support that the synthetic receptors induce apoptotic cell death.
Synthetic receptors induce caspase activation
Previous studies have led to the suggestion that plant lectins induce apoptotic cell death via a caspase-dependent pathway.
22
We thus sought to examine whether caspase activation was involved in the receptor-mediated apoptosis noted above. With such a consideration in mind, HeLa and PLC/PRF/5 cells were incubated with 6 and 7, as well as with 1, for 18 h. The proteolytic activities associated with caspases were then measured using a colorimetric peptide substrate for caspases, Ac-DEVD-pNA (pNA, p-nitroaniline). It was found that caspase activities increased in the case of cells treated with 6 or 7, but not in cells treated with 1 ( Fig. 4A and S11A †) . When Ac-DEAD-CHO, a known inhibitor of caspases, was added to the lysates of the cells treated with 6 or 7, no evidence of caspase activity was seen.
Next, we tested if the pan-caspase inhibitor ZVAD-FMK (benzyloxycarbonyl-Val-Ala-Asp(OMe) uoromethylketone), which is a cell-permeable, irreversible caspase inhibitor with broad specicity, 23 protected cells against the effect of 6 or 7. HeLa and PLC/PRF/5 cells, pretreated with ZVAD-FMK (0, 10 and 20 mM) for 3 h, were incubated with either 6 or 7 (0-4 mM) for 18 h. Under these conditions the cells were greatly protected from apoptotic cell death induced by compounds (Fig. 5) .
During caspase-dependent apoptosis, cytochrome c, which is located in the space between the inner and outer mitochondrial membranes, is released from the mitochondria into the cytosol where it binds to Apaf-1 to form the apoptosome. 24 The cytochrome c/Apaf-1 complex activates caspase-9, which subsequently induces activation of caspase-3 through the cleavage of procaspase-3. The effect of the synthetic receptors on caspase-3 activation in cells was thus tested in order to further provide evidence for the involvement of caspase activation in the receptor-mediated apoptosis. HeLa and PLC/PRF/5 cells were incubated with compounds 6 and 7, as well as the control 1, for 18 h. The results of western blot analysis reveal that procaspase-3 is proteolytically cleaved to produce caspase-3 in cells treated with 6 and 7 but not those treated with 1 ( Fig. 4B and S11B †) . This study also served to reveal that an endogenous caspase substrate, poly(ADP-ribose)polymerase (PARP), was cleaved in cells treated with 6 and 7 but not those treated with 1.
Apoptosis is also known to take place through caspaseindependent pathways. 25 Thus, we determined whether the synthetic receptors 6 and 7 promoted caspase-independent apoptosis which is mediated by apoptosis inducing factor (AIF). It has been shown that AIF is translocated into the nucleus during caspase-independent apoptosis. 26 Therefore, comparisons of the AIF levels in the cytosolic and nuclear fractions may be used to determine whether or not apoptosis takes place in a caspase-independent fashion. With such considerations in mind, HeLa cells were incubated with 6 and 7 for 18 h and then subjected to immunostaining analyses using an AIF antibody. The results of western blot and immunocytochemical analyses indicate that treatment with 6 and 7 does not promote AIF translocation into the nucleus (Fig. 4C and D) . Taken together, the ndings leads us to conclude that synthetic receptors 6 and 7 induce apoptotic cell death by activating caspases but do not activate the AIF-associated caspase-independent apoptotic pathway.
Finally, experiments designed to probe the molecular mechanisms underlying synthetic receptor-mediated apoptosis were carried out. It has been suggested that mannose binding lectins induce caspase-dependent apoptosis by activating the cJun N-terminal Kinase (JNK) signaling pathway aer they bind to cell-surface glycans. 22 When JNK is phosphorylated and activated, the proapoptotic protein Bax is translocated from the cytosol to the mitochondria. Translocation of Bax into the mitochondria subsequently promotes cytochrome c release from the mitochondria into the cytosol to induce caspasedependent apoptosis. 24 In light of these observations, the effect of the synthetic receptors 6 and 7 on the JNK pathway was tested by initially measuring the level of phosphorylated JNK. HeLa and PLC/PRF-5 cells were separately treated with 6 and 7, as well as with a positive control ConA, for 18 h. The levels of phosphorylated JNK were then measured. The results of western blot analysis reveal that treatment with these two synthetic receptors leads to production of phosphorylated JNK, a phenomenon which is also observed in ConA treated cells (Fig. 6) . It was also found that cytosolic Bax was translocated into the mitochondria of cells treated with 6 and 7, as well as in cells treated with ConA. Moreover, cytochrome c was released from the mitochondria to the cytosol in the treated cells. Taken in concert, these signaling pathway studies are consistent with the notion that the two synthetic receptors 6 and 7 induce caspasedependent apoptosis via JNK activation, a phenomenon which is also observed in cells treated with ConA. Because synthetic receptors are known to bind to highly mannosylated glycoproteins 18 and compete with ConA for cell surface mannose binding, it is likely that synthetic receptor-mediated cellular events occur as the result of recognizing cell-surface glycans.
Conclusion
In summary, synthetic aminopyrrolic receptors 6 and 7, which are capable of binding to mannose, induce apoptotic cell death. In contrast, compounds 1-5, which display very weak mannosebinding affinities, do not promote cell death. The receptorassociated cellular response is observed to be dependent on the expression of high-mannose glycans on the cell surface. We have also shown that the two synthetic receptors promote JNK activation, enhance Bax translocation into the mitochondria, cause cytochrome c release from the mitochondria into the cytosol, and induce caspase activation, phenomena which are seen in cells exposed to a mannose-binding lectin. On the other hand, the synthetic receptors do not affect the AIF-associated caspase-independent pathway. Taken together, the results presented here provide support for the notion that appropriately designed receptors can be used to induce cell death through caspase-dependent apoptosis. The present study also leads us to suggest that synthetic glycan-recognizing receptors, such as 6 and 7, could emerge as useful chemical probes that can be used to trigger apoptosis via modes of action that differ from the approaches generally employed to promote programmed cell death. Measurement of expression levels of high-mannose glycans on the cell surface HeLa, A549, PLC/PRF/5 and KG-1 cells were treated with 10 mM of biotin-ConA in culture media for 1 h. Aer washing, cells were treated with Cy3-streptavidin. Flow cytometry was performed using a BD FACSVerse™ instrument (BD Biosciences) and a FlowJo™ soware (BD Biosciences). For confocal microscopy analysis, the nucleus of cells was stained with DAPI and cell images were then obtained using confocal uorescence microscopy (Zeiss, Germany).
Experimental section
Measurement of cell death
Cells in culture media were incubated with various concentrations of each of the compounds subject to study. MTT assays were performed according to standard procedures. The absorbance at 570 nm was measured using an Innite® 200 PRO multimode microplate reader.
Flow cytometry
HeLa and PLC/PRF/5 cells were treated with 5 mM of each of the compounds subject to study in culture media for 18 h. Untreated cells were used as a negative control. Aer washing with PBS twice, the cells were incubated with 0.5 mL of trypsin-EDTA (0.05% trypsin, 0.02% EDTA, Sigma-Aldrich) for 5-10 min at 37 C and collected. Cells were re-suspended in binding buffer (500 mL, 10 mM HEPES/NaOH, pH 7.5 containing 1.4 M NaCl and 2.5 mM CaCl 2 ) and treated with a mixture of uo-rescein-annexin V (nal concentration ¼ 0.5 mg mL
À1
) and propidium iodide (nal concentration ¼ 2 mg mL À1 ) for 10 min at room temperature. For measurements of cell size, HeLa and PLC/PRF/5 cells were treated with 5 mM of each compound subject to study for 18 h. Aer washing with PBS twice, cell size was measured with a ow cytometer by exciting with a 488 nm argon laser and determining their distribution by means of a forward scatter versus side scatter dot plot. Light scattered in the forward direction is proportional to cell size, and light scattered at a 90 angle (side scatter) is proportional to cell density.
For JC-1 staining, HeLa and PLC/PRF/5 cells were treated with 5 mM of each compound subject to study for 18 h. Aer washing with PBS twice, the cells were incubated with JC-1 (nal concentration ¼ 2.5 mg mL À1 , Anaspec) in PBS for 15 min. The red uorescence signal was measured using an excitation wavelength of 550 nm and an emission wavelength of 600 nm. The green uorescence was measure using an excitation wavelength of 485 nm and monitoring the emission at 535 nm. Flow cytometry was performed using a BD FACSVerse™ instrument using the FlowJo™ soware.
DNA fragmentation assays
DNA fragmentation was analyzed via electrophoresis on an agarose gel. HeLa and PLC/PRF/5 cells were incubated with 2.5 and 5.0 mM of each compound subject to study for 18 h. The cells were lysed in a buffer containing 10 mM Tris, 1 mM EDTA, and 0.2% Triton X-100, pH 8.0. Samples were incubated in 100 mg mL À1 RNase A (30 min, 37 C) and 100 mg mL À1 proteinase K (10 min, 56 C). The DNA was precipitated by addition of 0.5 M NaCl-isopropyl alcohol and washed with 70% ethanol. Samples were loaded on a 1.5% agarose gel and subject to electrophoresis at 100 V for 0.5 h in TBE (Tris/borate/EDTA) buffer (0.5Â). The DNA ladder was stained with RedSafe™ Nucleic Acid Staining Solution (Intron, Korea) and analyzed by using a G:BOX Chemi Fluorescent & Chemiluminescent Imaging System (Syngene).
Isolation of cytosolic and mitochondrial fractions
Mitochondrial and cytosolic fractions of cells were prepared using a mitochondrial/cytosol fractionation kit (Biovision). Cells were harvested by centrifugation at 600 Â g for 5 min and washed twice with cold PBS buffer. The cells were re-suspended in 250 mL of an extraction buffer, which contained the protease inhibitor mixture and dithiothreitol (Biovision). Aer incubation on ice for 30 min, the cells were homogenized on ice and centrifuged at 700 Â g for 10 min at 4 C, and the supernatant was collected. The collected supernatant was centrifuged again at 10 000 Â g for 30 min at 4 C. The resulting supernatant was harvested and used as cytosolic fractions. The pellets were resuspended and used as mitochondrial fractions.
Western blot analysis
Proteins were separated by 6-15% SDS-PAGE. 
Caspase activity assay
HeLa and PLC/PRF/5 cells were incubated with 2.5 and 5.0 mM of each compound subject to study for 18 h. The cells were lysed in a buffer containing 50 mM HEPES, pH 7.4, 5 mM CHAPS, 5 mM DTT. Cell lysates were placed into 96-well plate and then assay buffer containing 20 mM HEPES, pH 7.4, 0.01% CHAPS, 5 mM DTT, 2 mM EDTA was added to each well. The caspase inhibitor Ac-DEVD-CHO (20 mM) was added to the wells. Caspase activity was determined by adding acetyl-DEVD-pNA (200 mM) (Sigma-Aldrich) to each well. The enzyme-catalyzed
